Introduction {#sec1}
============

Recently, the rational design and controlled synthesis of molecule-based optoelectronic materials have attracted great attention owing to their potential applications in the fields of solar cells, photodetectors, photoswitches, phototransistors, and optical data storage.^[@ref1]−[@ref6]^ To obtain a high performance of optoelectronic materials, several key factors need to be considered, such as a broad light harvesting range, tunable band gap, high charge carrier mobility, and efficient dissociation of photogenerated excitons, particularly for those of solution-processed thin films.^[@ref7],[@ref8]^ In this context, molecular cocrystals, assembled by two or more molecular components via hydrogen bonds, halogen bonds, π--π, and/or charge transfer interactions, have recently received increasing attention due to the advantages of a facile synthesis route, adjustable molecular arrangement, easy functionality, and low cost.^[@ref9]−[@ref15]^

Among different types of cocrystals, donor--acceptor (D--A) complexes can be regarded as crystalline heterojunction materials, which are constructed by the alternating arrangement of an electron-rich donor and electron-deficient acceptor at the molecule level. The strategy to integrate advantages of D--A cocrystals has provided a platform for the development of photofunctional materials and molecular optoelectronics.^[@ref16]^ For example, our previous work showed that the introduction of the coformers can change the geometric arrangement of the 1,4-bis-*p*-cyanostyrylbenzene chromophore within cocrystals, resulting in tuned fluorescence.^[@ref17]^ To achieve large circular polarization, Duan and co-workers demonstrated a chiral charge-transfer (CT) cocrystal system with chiral electron donor and acceptor by various approaches.^[@ref5]^ By crafting a periodic molecular barrier into cocrystal matrices, Zhang and co-workers provided a new approach to preventing the formation of dark triplet states in organic semiconductors.^[@ref2]^ Additionally, we also illustrated that the construction of D--A cocrystal materials can provide an energy transfer route to accelerate the generation of triplet states for long-lived room-temperature phosphorescence.^[@ref18]^ To date, tremendous effects have been paid on the development of macrosized bulk cocrystal systems and the study of the basic mechanism on structure--properties relationship. However, the construction of cocrystals at the micro-/nanoscale, and particularly their orderly thin films, is still rather limited.^[@ref12]^ From the fundamental and practical application perspectives, it is of significance to explore novel crystalline micro-/nanoscaled thin films by the organization of D--A assembled units, which would greatly extend the scope for the optoelectronic application based on the facile cocrystal designs.^[@ref19],[@ref20]^ Therefore, the development of an effective procedure to fabricate orderly cocrystal thin films is still highly desired.

The π-conjugated acridine (AD) compound is a well-known chromophore, which plays an important role in molecular luminescence and optoelectronic materials. For example, an AD-based hybrid microbelt could exhibit an excellent optical waveguide performance due to a close and alternating arrangement of protonated AD layers, as stabilized through electrostatic and hydrogen bond interactions.^[@ref21]^ The modification of molecular stacking and potential protonation of AD may further tailor its electronic structures and photophysical properties. To date, at least five AD polymorphs have been found with different packing motifs and physicochemical properties.^[@ref22],[@ref23]^ It has also been found that the approach of template-assisted crystallization can result in different molecular packing and thus forms a new polymorph. In this work, the AD molecule is selected as the electron acceptor to construct cocrystals with different electronic donors, since the AD with the coordinate nitrogen atom can potentially self-assemble with different coformers as molecular templates by strong hydrogen bonds. The coformers, isophthalic acid (IPA) modified by 5-position substituents with a different template effect and steric hindrance, can result in the formation of new types of D--A cocrystals, in which the stacking fashions of AD are obviously alternated from those in as-known AD polymorphs. The polarized photoemission of AD can be extremely tuned from blue to orange-yellow during the cocrystallization process. Furthermore, through a fast crystallization-deposition (FCD) process, the cocrystal thin films can be facilely fabricated, which display tunable up-conversion luminescence and semiconductor properties, in which AD-TMA exhibits a large on--off photocurrent ratio of more than 10^4^. Therefore, this work not only develops new AD cocrystal materials with high-efficiency luminescence and photon-to-current conversion performances but also establishes an easy and scale-up method to assemble well-defined cocrystal thin films toward novel photofunctional and optoelectronic applications.

Results and Discussion {#sec2}
======================

Synthesis and Structural Determination {#sec2.1}
--------------------------------------

Three compounds containing carboxylic groups and halogen atoms (IPA = isophthalic acid, IPB = 5-bromoisophthalic acid, TMA = trimesic acid) were selected as coformers to assemble with AD through supramolecular interactions ([Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf) and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). In contrast to the low crystalline quality of the pristine AD, high-grade single crystals of AD-based two-component complexes (AD-IPA, AD-IPB, AD-TMA) can be readily obtained by a solvothermal process or slow evaporation of ethanol solutions containing AD and the coformers with a 1:1 (AD-IPA and AD-TMA) or 2:1 (AD-IPB) stoichiometry. Their crystallographic details are listed in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf). Powder X-ray diffraction (PXRD) patterns indicate that all of the diffraction peaks are well indexed to the simulated results, implying the high purity of the AD precursor and corresponding cocrystallized samples ([Figure S1a--d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). Both AD-IPA and AD-TMA are organic salt forms with protons transferring from carboxylic groups to N atoms of AD, while the AD-IPB cocrystal consists of neutral AD and IPB molecules. The FT-IR spectra ([Figure S1e](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) of the samples reveal strong bands at 1683 and 1695 cm^--1^ for the protonated carboxylate groups, indicating the deprotonation of IPA and TMA. The characteristic bands at 1730 cm^--1^ can be attributed to the protonated carboxylic groups of IPB. Thermogravimetric differential thermal analysis (TG-DTA) measurements ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) show that the melting points of all these multicomponent complexes occur at higher temperatures (214--285 °C) than the pure AD (110 °C), confirming that the thermal stability of the AD can be improved by the formation of the cocrystal.

![(a) Chemical structures of AD, IPA, IPB, and TMA molecules in this work. Supramolecular interactions between AD and IPA (b), IPB (d), and TMA (f). Template-assisted crystallization results in structure diversity of AD motifs in AD-IPA (c), AD-IPB (e), and AD-TMA (g).](oc0c00447_0001){#fig1}

The pristine crystalline sample of AD is commercially available, which shows the III form^[@ref22]^ ([Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) and crystallizes in the monoclinic crystal system *P*2~1~/*c* space group. Its asymmetric unit contains two independent AD molecules with a dihedral angle of 67.09° ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). A pair of AD molecules are joined together to form a dimer through C--H···N hydrogen bonds, which is further stabilized by C--H···π and π···π stacking interactions ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)), giving rise to a 3D supramolecular architecture ([Figure S3c,d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). By assembly with the isophthalic acid (IPA) unit modified by different 5-position substituents, obviously different stacking patterns of AD can be obtained compared with its typical polymorphs. Upon formation of the AD-IPA two-component crystal, proton transfer occurs from the carboxylic acid of IPA to the nitrogen atom of AD. In AD-IPA, the dihedral angle between AD and IPA is 62.11° ([Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). The IPA molecule shows a plane conformation, and the neighboring IPA molecules connect to each other through O--H···O and C--H···O hydrogen bonds and π···π stacking interactions (with the centroid--centroid distances of 4.00 Å) to form a 1D double stand chain along the *a* direction ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Figure S4b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). The AD molecules arranging in an antiparallel packing mode are fixed together by double-standing IPA chains through N--H···O and C--H···O hydrogen bonds, giving rise to a 2D layered structure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Analysis of the crystal packing shows that the AD-IPA exhibits an alternating arrangement of AD cations and IPA anions ([Figure S4c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)).

Single-crystal X-ray diffraction analysis reveals that AD-IPB forms a neutral cocrystal, which crystallizes in the monoclinic *C*2/*c* space group, and the asymmetric unit consists of one AD and half of IPB molecules. The dihedral angle between AD and IPB is 84.69° ([Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). In AD-IPB, the IPB molecule exhibits a nonplane conformation with the dihedral angles between carboxylic groups and the benzene ring of 12.95°. Such a twisty conformation can provide a greater chance for the formation of hydrogen bonds. Each IPB molecule is surrounded by eight AD molecules through N--H···O and C--H···O hydrogen bonds ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d), generating a 2D double layer structure with Br atoms hanging on two sides ([Figure S5b,c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). The AD molecules display face-to-face antiparallel π···π stacking interactions, with centroid--centroid distances of 3.77 and 3.97 Å, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e). Adjacent layers are further extended to a 3D supramolecular framework through C--H···Br hydrogen bonds. Viewed along the *c* direction, the IPB guests are closely encapsulated within the AD host ([Figure S5d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)).

When the 5-position −Br substituent is instead −COOH under the same conditions, a distinct structure of AD-TMA can be obtained. Similar to AD-IPA, proton transfer is also observed in the AD-TMA system. Within TMA, carboxylic groups form the dihedral angles of 13.07° and 4.84° with the central benzene ring plane for −COO^--^ and −COOH, respectively. A pair of TMA molecules interact with each other in a head-to-tail arrangement to form a dimer through O--H···O hydrogen bonds ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f), which is further extended by guest water molecules through O--H···O hydrogen bonds, generating a 2D TMA-H~2~O layer ([Figure S6b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). Strictly different from those of the discrete AD dimer in AD-IPA ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) and AD-IPB ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e), the AD molecules in AD-TMA are arranged into an infinite π-conjugated chain featuring compact H-aggregation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g), which is expected to benefit the migration of charge carriers.^[@ref24]^ Among the reported AD-based polymorphs and multicomponent complexes,^[@ref22]^ only one example of organic--inorganic hybrid perovskite \[(AD)Pb~2~Cl~5~\] possesses such a packing arrangement,^[@ref21]^ in which the orderly arrangement of the organic AD cation layers is confined between the rigid lead chloride inorganic layer ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). In AD-TMA, the infinite AD chains are fixed between TMA-H~2~O layers via N--H···O and C--H···O hydrogen bonds. Viewing from the *b* direction ([Figure S6c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)), AD-TMA shows an alternating arrangement of the AD π-conjugated system and TMA-H~2~O anionic layer. Therefore, it is concluded that the packing mode and intermolecular interactions of AD can be completely alternated after cocrystallization through the introduction of different aromatic carboxylic acid coformers. The structural diversity of these compounds would further result in different luminescence and photoelectric performances.

Absorption and Photoluminescence Analyses {#sec2.2}
-----------------------------------------

The photophysical properties of cocrystals AD-IPA, AD-IPB, AD-TMA, and pristine AD were investigated by UV--vis absorption, photoluminescence (PL) spectra, PL quantum yield (PLQY), and lifetime measurements. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, AD exhibits absorption ranging from 200 to 450 nm, whereas its cocrystal samples can effectively extend the absorption band to the visible region in a wide range. Upon excitation at 310 nm, AD exhibits a weak blue fluorescence emission at 396 nm with low PLQY of 0.97%. In comparison with the pristine samples of AD, IPA, IPB, and TMA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)), the three cocrystal complexes AD-IPA, AD-IPB, and AD-TMA emerge with a longer wavelength photoemission (maxima at 542, 502, and 612 nm, respectively) and higher PLQY of 17.49%, 15.74%, and 1.75%, respectively. Herein, the red-shifted PL of these cocrystals may originate from the charge-transfer interaction between two components.^[@ref12]^ Upon irradiation with 365 nm UV, these well-defined bright yellow (under daylight) cocrystal samples reveal different emission colors: light-green for AD-IPA, cyan for AD-IPB, and orange-yellow for AD-TMA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Thus, the emission color of AD can be vastly adjusted from blue to orange-yellow ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) via cocrystallization with different assembled units.

![Normalized UV--vis absorption (a), fluorescence spectra (b), photographs of crystal images under daylight and UV (c), and fluorescence decay curves (d) for AD-IPA, AD-IPB, AD-TMA, and pure AD.](oc0c00447_0002){#fig2}

To further investigate the nature of the excited states, the PL lifetimes (τ) of these cocrystal samples were measured as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. The τ value for AD is 2.88 ns, while that of the AD-IPA, AD-IPB, and AD-TMA is largely enhanced to 21.19, 15.80, and 10.22 ns, respectively. A comparison of the photophysical properties ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) reveals that the photoemission performances of AD can be modified obviously by coassembly with suitable coformers. The large enhancement of PLQY and PL lifetime for AD-IPA and AD-IPB can be assigned to the fact that the orderly AD molecules are highly restricted and stabilized in the cocrystal matrices through strong hydrogen bonds and/or electrostatic interactions, inhibiting the molecular thermal vibration and nonradiative relaxation. In addition, the isolation of coformers could minimize the serious aggregation-caused quenching AD chromophores. The large separation of AD in AD-IPA leads to the prolonged lifetime. The relatively high concentration of AD in AD-IPB results in a decrease of lifetime compared with AD-IPA. The alternating arrangement of AD layers and TMA layers in AD-TMA shows the shortest lifetime among three cocrystals; this can be attributed to the quenching from guest water molecules. By contrast, the higher degree of overlap of π-conjugation in AD-TMA provides much denser crystal packing, resulting in the H-aggregation of AD chromophores, leading to an obvious red-shift in the PL emission and visible light absorption. In spite of the relatively low PL performance, it can be predicted that the infinite 1D AD π-conjugation chains in AD-TMA may afford a platform of efficient charge carrier mobility for potential optoelectronic applications.^[@ref7]^

Theoretical Calculations {#sec2.3}
------------------------

To better understand the variable photophysical properties of these crystalline compounds, density functional theory (DFT) based on the generalized gradient approximation (GGA) was used to calculate the molecular orbital and energy levels of cocrystals and their components.^[@ref25],[@ref26]^ As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--c, it is observed that the electron density of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is mainly localized on the IPA/IPB/TMA and AD molecules, respectively. The calculated HOMO, LUMO, and HOMO--LUMO energy gaps are summarized in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, which indicate that the introduction of coformers can reduce the HOMO (−4.904 eV) and LUMO (−2.462 eV) energy level of AD to a large extent: −5.660 and −3.291 eV for AD-IPA, −5.516 and −3.115 eV for AD-IPB, and −5.973 and −3.946 eV for AD-TMA. This can be attributed to the lower energy level of IPA (−6.521 and −3.167 eV), IPB (−6.497 and −3.351 eV), and TMA (−6.547 and −3.046 eV) coformers. Meanwhile, the HOMO--LUMO energy gap of AD can also be decreased from 2.442 to 2.369 eV for AD-IPA, 2.361 eV for AD-IPB, and 2.027 eV for AD-TMA. In particular, AD-TMA shows the lowest HOMO and LUMO energy level and the smallest energy gap. In all, the three cocrystals have a reduced energy gap and red-shifted wavelength of emission as compared to that of the pristine IPA, IPB, and TMA coformers and AD. The trend of these results are well consistent with their optical performances in experiment.

![HOMO (down) and LUMO (top) profiles for AD-IPA (a), AD-IPB (b), and AD-TMA (c). (d) HOMO and LUMO energy levels and energy gap values of cocrystals and their components from DFT calculations.](oc0c00447_0003){#fig3}

Angle-Dependent Polarized Fluorescence Emission {#sec2.4}
-----------------------------------------------

Based on different alignment fashions of AD chromophores in three cocrystal complexes, their angle-dependent polarized fluorescence spectra were measured on a microspectrometer by rotating the polarizer at different polarization angles. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figures S10 and S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf) illustrate the relationship between the polarization fluorescence intensity of the individual single crystal and the polarization angle (θ) irradiated under unfocused UV light. It is observed that three cocrystals present obviously different maximum (*I*~max~) and minimum (*I*~min~) fluorescence intensity values. AD-IPA has the maximum and minimum values at 60° and 150°, respectively. AD-IPB shows the maximum at 0° and the minimum at 90°, while AD-TMA displays the opposite values compared with those of AD-IPB. To evaluate the polarization performance, the emission dichroic ratio *R*~d~ and polarization anisotropy σ were calculated by *R*~d~ = *I*~max~/*I*~min~ and σ = (*R*~d~ -- 1)/(*R*~d~ + 1).^[@ref27]−[@ref29]^ The polarization anisotropy values of 0.50, 0.26, and 0.32 are obtained for AD-IPA, AD-IPB, and AD-TMA, respectively. The diversity in polarization emission for these cocrystals can be assigned to the different packing mode of AD molecules.

![(a) Polarized fluorescence spectra of AD-IPB at variant angles (0--360°). (b) Fluorescence intensity of the AD-IPB as a function of the polarizer rotation angle. Fluorescence spectra (c) and corresponding PL microscope images (d) of AD-IPB measured at 0° and 90°.](oc0c00447_0004){#fig4}

Interestingly, AD-IPB exhibits a remarkable fluorescence color transformation from cyan (maxima at 485 nm) to green (maxima at 530 nm) measured at 0° and 90°, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d. To the best of our knowledge, such alternant photoemission between different polarized directions has been seldomly reported, particularly in molecular crystals.^[@ref30]^ The cyan to green color switching of AD-IPB is an instantaneous and completely reversible process, which endows it as potential candidates for display, data storage, color filters, and so on. The emission switching demonstrated in the AD-IPB cocrystal system is assigned to the nearly perpendicular arrangement of molecule packing between AD and IPB (with a dihedral angle of 84.69°).

Fabrication and Photophysical Properties of Cocrystal Thin Films {#sec2.5}
----------------------------------------------------------------

To make molecular cocrystals into potential luminescent and optoelectronic applications, it is important to fabricate well-defined thin films. Herein, thin films of AD and its cocrystals were obtained by a fast crystallization-deposition (FCD) method using thermal evaporation at 100 °C deposited on indium tin oxide (ITO) substrate. To regulate the crystallization process and produce high-quality films with a controllable morphology, several key factors are worth noting. First, the two-component raw materials should be completely dissolved in the selected solvents with relatively low boiling point. Second, the volatilization rate or the control of temperature has a great influence on film morphology. Slow evaporation of solvent coated on the ITO substrate could only provide large-scale crystal samples. Thermal evaporation of fast crystallization-deposition could obtain micro-/nanoscaled cocrystal thin films. The temperature should be higher than the boiling point of solvent to generate instantaneous evaporation of solvent. The airflow formed by solvent vapor favors the crystallization of uniform micro-/nanostructures. Generally, increasing the temperature is conducive to the formation of high-quality micro-/nanocrystals. However, a phase transition would occur when the temperature is higher than the melting point of AD (110 °C). Finally, it is found that the organic salt form of AD-IPA and AD-TMA shows a higher crystallinity than the neutral AD-IPB two-component crystal and pure AD.

These thin films show strikingly different morphologies as observed by scanning electron microscopy (SEM). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a reveals that the fast evaporation of AD and AD-IPB solution could lead to the formation of uniform and orderly thin films with pinholes. By contrast, thin films of AD-IPA and AD-TMA are highly crystalline. It is worth noting that the block nanocrystals can be observed for AD-IPA, while the thin film of AD-TMA exhibits a nanorod morphology with the length and width distributed in the ranges 500--800 and 100--120 nm, respectively. The atomic force microscopy (AFM) topographical images also show uniform and continuous film surfaces with root-mean-square (RMS) roughness values of 15.5--23.8 nm over a 2 μm × 2 μm area ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). Side-view SEM images ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) suggest that the average thicknesses of these thin films are in the range 1--3 μm. The PXRD patterns of the three cocrystal thin films ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c and [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) match well with their simulated ones. The diffraction peaks are narrow and strong for AD-IPA and AD-TMA, indicating their high crystallinity. The thin film of AD-IPB shows a relatively lower crystallinity compared with those of AD-IPA and AD-TMA, which is in accordance with the morphology analysis. This can be assigned to the high concentration distribution of AD (with AD-IPB stoichiometry of 2:1). Irradiated under UV light, distinct dark blue, cyan, green, and orange emission can be observed for thin films of AD, AD-IPA, AD-IPB, and AD-TMA, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). Fluorescence spectra ([Figure S14a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) of these thin films show a slight blue-shift compared with their bulk crystal samples, which can be assigned to the decrease in the size of the nano-cocrystals. The formation of thin films also leads to a decrease of PL lifetime for AD, AD-IPA, and AD-IPB films, while a slight enhancement for the film of AD-TMA ([Figure S14b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)).

![SEM images (a), AFM topography images (b), PXRD patterns (c), and photographs (d) of as-obtained AD, AD-IPA, AD-IPB, and AD-TMA films irradiated under UV light. Scale bar: 500 nm.](oc0c00447_0005){#fig5}

Up-Converted Fluorescence Emission of Cocrystal Thin Films {#sec2.6}
----------------------------------------------------------

By changing the power of the long-wavelength laser, the up-converted fluorescence emission of these cocrystal thin films can be obtained ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Excited by a femtosecond pulse laser at 980 nm, short wavelength up-conversion emissions for all these thin films are observed except for AD. Compared with the fluorescence emission for those of large-scale crystal samples, the as-prepared thin film samples also show a blue-shifted emission, which may be related to the fact that the PL performances of organic materials are highly affected by their size, shape, and morphology.^[@ref21]^ Insets show the changes in up-conversion emission intensity with increasing pump powers. It can be observed that all of these samples exhibit a nearly linear relationship between the up-conversion intensity and pump powers with the slopes of 1.956, 0.837, and 0.983 for AD-IPA, AD-IPB, and AD-TMA, respectively, indicating that the emission process involves two-photon excited states to the ground state for AD-IPA, while a one-photon process for AD-IPB and AD-TMA. These results reveal that the optical gain can be highly enhanced by the formation of orderly cocrystal thin films.

![Up-conversion fluorescence spectra of AD-IPA, AD-IPB, and AD-TMA thin films excited by a 980 nm laser under different pump powers. Insets show the changes in intensity with increasing pump powers.](oc0c00447_0006){#fig6}

Optoelectronic Performance of Cocrystal Thin Films {#sec2.7}
--------------------------------------------------

It is well recognized that the efficient separation of photogenerated electron--hole pairs plays a key role in organic semiconductors for optoelectronic applications. Thus, photoelectric responses of AD-IPA, AD-IPB, and AD-TMA were tested in 0.5 M sodium sulfate aqueous solution at a standard three-electrode system, in which the three cocrystal thin film modified ITO serves as the working electrode with a working area of 1.0 cm^2^, a platinum wire electrode as a counter electrode, and Ag/AgCl as a reference electrode. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a and [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf) are the transient photocurrent--time curves with the on--off cycle's illumination (30 s) in a three-electrode system. It can be observed that photocurrent density (*I*~light~) for the AD-TMA thin film electrode sharply increases to 27.79 μA/cm^2^ when the light source is turned on without applying an external potential. The value is 81 and 5 times higher than those of AD-IPB (0.34 μA/cm^2^) and AD-IPA (5.16 μA/cm^2^), respectively. By switching off the irradiation, the photocurrent density returns to nearly zero with low dark current (*I*~dark~ = 0.002 μA/cm^2^). Generally, the on--off current ratio reveals the sensitivity of the photoelectric materials to certain irradiation.^[@ref31]^ Herein, the maximal current on/off ratio (*I*~light~/*I*~dark~) is calculated as high as 13 895 for AD-TMA, indicating the extremely high sensitivity of the thin film to light. This value is 2.7 times higher than those of carbon nitride nanotube membrane (5000),^[@ref32]^ and 3 orders of magnitude in comparison with the metal--organic framework (MOF) material in electrolyte.^[@ref33]^ Meanwhile, this value is also higher than those of inorganic perovskite^[@ref34]^ and organic single crystal-based^[@ref35]^ state-of-the-art optoelectronic devices. The better photogenerated charge separation efficiency of AD-TMA makes it a potential candidate for efficient photoswitches and photodetectors. Despite the photocurrent densities gradually decreasing for AD-IPA and AD-TMA as time increases, the stability test suggests that the maximal photocurrent density presenting in the first on--off cycle can also reappear by additional recycling tests, which exhibit the same decay tendency ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). Differently, the photocurrent density for AD-IPB keeps constant during the on--off cycle's illumination. The largest photocurrent of AD-IPA/TMA in the first impulse stems from the existence of the donor--acceptor (D--A) heterojunction, which highly promotes the separation of electron--hole pairs. With the increase in the illumination time, the gradually decreased photocurrent can be related to an electron accumulation balance process. Under the inner electric field, more and more electrons migrate from IPA/TMA to AD. With the accumulation of more electrons, the inner electric field is in turn weakened. Hence, it exhibits inefficient separation of photogenerated carriers, showing decreasing photocurrent. After a long-term release of electrons, it recovers a strong inner electric field for efficient electron migration again. As a result, a large photocurrent can still be observed in the first on--off cycle.

![(a) Transient current density--time characteristic of AD-TMA thin film for 9 times reusable tests without bias potential. The inset shows the maximal current density of the first on--off cycle measured at different reusable tests. IPCE (b) and electrochemical impedance spectroscopy (EIS) Nyquist plots (c) of three cocrystal thin films measured at a bias of −0.5 V. (d) Schematic diagram of the alternating arrangement of electrons and holes transport layers at the molecule level in AD-TMA.](oc0c00447_0007){#fig7}

Incident photon-to-current efficiency (IPCE) was measured by monochromatic light irradiation ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). AD-TMA shows the highest IPCE value of 3.6% (at 380 nm) among the three cocrystal thin films. Further electrochemical impedance spectroscopy (EIS) performed at the potential of −0.5 V vs Ag/AgCl ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c) reveals that the charge transfer resistance of AD-TMA is significantly lower than those of AD-IPA and AD-IPB, suggesting the fastest charge transfer rate for AD-TMA. The semiconductor types of three cocrystal thin films were further conducted by Mott--Schottky (M--S) curves. A V-shaped M--S plot indicates a *p--n* junction characteristic for AD-TMA thin film, while the positive slope of the M--S plot suggests an *n*-type semiconductor for both AD-IPA and AD-IPB ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)). To the best of our knowledge, the fabrication of the molecule level heterojunction cocrystal thin film conducting both holes and electrons has rarely been reported.

From the above results, it is concluded that the high optoelectronic performance of AD-TMA can be assigned to the following aspects: (a) The infinite π--π stacking between AD molecules results in a narrow band gap (2.027 eV), decreasing the energy levels for both HOMO and LUMO. Therefore, the solar-energy-harvesting can be extended from the UV to visible region for high photon-to-current transfer ability. (b) The large Stokes' shift of fluorescence emission from absorption rules out the probability of self-absorption. (c) The high crystallinity of the AD-TMA thin film also benefits the efficient transfer of charge carriers. (d) As for the D--A cocrystals, the integration of electron-donating/electron-accepting molecules provide a way for the effective migration and separation of electron--hole pairs, since the electric field between carboxyl groups of TMA and AD molecules can highly enhance the separation efficiency of charge carriers. The photogenerated electrons migrate along the continuous AD π-conjugated chains with long-range π electron delocalization, while the holes transfer along the outside TMA molecules.^[@ref36],[@ref37]^ As a result, it presents an alternating arrangement of electron and hole transport layers at the molecule level ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d). The charge density distribution ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00447/suppl_file/oc0c00447_si_001.pdf)) reveals that the deprotonated carboxyl anions of TMA are electron accumulation, and protonated AD cations are electron depletion. The photogenerated electron can directly transfer from the carboxyl groups to the AD π-conjugated chain. The holes prefer to migrate between the carboxyl groups. Herein, the high-order π-conjugated chains provide a large electron channel for efficient charge transport; the internal electric field formed between the TMA anion layer and AD cation layer promotes the separation efficiency of charge carriers. Therefore, the rational design and construction of cocrystals could effectively tailor the semiconductor behaviors and types for molecule-based thin films.

Conclusion {#sec3}
==========

In summary, new types of acridine (AD) cocrystals were fabricated as models to illustrate the tuning of photofunctional and electronic properties of molecular solids. The template effect of different substituents on the coformer IPA derivatives could highly modify the molecular arrangement of AD in the cocrystals, resulting in an adjustable energy level and multicolor emission from blue to orange-yellow. The instantaneous and reversible angle-dependent polarized emission of AD-IPB can be potentially used in displays, data storage, and color filters. Furthermore, a facile and fast crystallization-deposition process has been developed to construct orderly thin films of cocrystals, which show tunable up-conversion luminescence and semiconductor properties. The AD-TMA thin film exhibits an obvious enhancement of optoelectronic performance, by virtue of molecular heterojunction assembled by the alternating arrangement of π-conjugated AD electronic acceptor layers and TMA electronic donor layers, which provides an efficient way for mobility and separation of electron--hole pairs. To the best of our knowledge, this work highlights the first examples of cocrystal thin films with tunable *p*/*n* semiconductor performances for photon-to-current conversion. It is anticipated that the fast crystallization-deposition of cocrystal thin films can vastly open up their practical applications in various luminescent and optoelectronic fields.
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